Abstract. Measurements of C12 cross sections for the excited states (n,p 0 ) up to (n,p 4 ) and (n,d 0 ), (n,d 1 ) have been carried out. The Van de Graaff neutron generator of the EC-JRC-IRMM laboratory has been used for these measurements. A very thin tritiated target (263 µg/cm 2 ) was employed with deuteron beams energies impinging on the target in the range 2.5-4.0 MeV. Neutrons in the range 18.9-20.7 MeV were produced with an intrinsic energy spread of 0.2-0.25% FWHM. With such narrow neutron energy spread, using a high energy resolution device such as a single crystal diamond detector, several peaks from the outgoing charged particles produced by the (n,p n ), (n,d n ) and also (n,α 0 ) reactions appear in the pulse height spectrum. The peaks can be identified using the reaction Q-values. The diamond detector used for these measurements has shown an intrinsic energy resolution lower than 0.9% FWHM. The analysis of the peaks has permitted to derive the partial carbon reaction cross sections for several excited states. The results are presented in this paper with the associated uncertainties and they are compared with different versions of TENDL compilation when these data are available (e.g. versions
Introduction
Artificial diamond detectors are used to detect neutron radiation thanks to their spectroscopic characteristics. Several nuclear reactions occur in carbon under neutron irradiation causing several types of outgoing charged particles. These reactions have been studied in several papers [1] [2] [3] [4] [5] [6] . Neutron-carbon interactions release the energy of the reaction products in the diamond detector and produce an output signal proportional to the deposited energy. The output signal can be recorded as a pulse height spectrum (PHS) using a multichannel analyzer, performing the so-called Pulse Height Analyses (PHA). Sharp peaks are observed in the PHS in case of reactions where only charged particles are produced in the exit channel, which deposit all available energy (incident neutron energy plus Q-value) in the detector. In contrast wide distributions with characteristic edges are produced when one or more neutrons are present in the exit channels. The analysis of the parameters of the sharp peaks (net counts, width, centroid position), after normalizing to the total neutron fluence and the number of carbon atoms in the detector, allow the evaluation of individual reaction cross sections.
A paper was already published where the cross sections of n+ 12 C reaction leading to both ground and excited levels of the reaction products were measured using a diamond detector [7] .
In the present work a very thin tritiated target (263µg/cm 2 ) was employed at the Van de Graaff neutron generator of EC-JRC-IRMM [8] in order to improve the peaks separation and thus the analysis of the peaks a e-mail: mario.pillon@enea.it themselves. The accelerator deuteron beam energy was in the range 2.5-4.0 MeV and with the diamond detector positioned at 0
• with respect to the beam axis the neutrons impinging into the detector were in the range 18.91-20.69 MeV with an intrinsic energy spread <0.25% FWHM. With such narrow neutron energy spread, since the used diamond detector had an intrinsic energy resolution lower than 0.9% FWHM in the range of the energy deposited by the charged products, several well separated peaks were observed. These reactions, ordered in descending peak energy, are: (n,α 0 ); (n,p 0 ); (n,p 1 ); (n,d 0 ); (n,p 2 ); (n,p 3 ); (n,p 4 ); (n,d 1 ). Some of these cross sections were never measured before.
Experimental set-up
The used Single Crystal Diamond detector (SCD) was fabricated by Istituto di Struttura della Materia (ISM), Consiglio Nazionale delle Ricerche (CNR), Rome, (Italy), while the electronics were standard CAEN catalogue [9] components. ISM-CNR has produced the detector using an "electronic grade" (with [ Complete control of all the shaping parameters like trapezoid rise time, flat top, etc. is possible. The diamond detector was operated with 600 V negative bias during all the measurements. It was positioned at a distance of 54.45 mm from the VdG neutron target, at 0
• with respect to the beam axis. The use of the digitizer has permitted to record bi-dimensional PHS (time-amplitude) and thus parts of the spectrum where some noise was present, for example produced by the VdG, were removed in order to improve the peaks separation.
A sandwich of two activation foils, Al+Zr, was used as neutron fluence monitor. The foils were at the same distance of the SCD but at an angle of 30
• . At half of the distance between the SCD and the target an aluminium disc, 1 mm thick, was positioned with the scope to shield the diamond detector from the energetic protons arising from the D( 3 He, 4 He)p reaction. This reaction occurs in tritiated targets due to the decay of tritium and the produced protons have an energy >14 MeV and can produce a strong noise signal in open window SCD. An identical aluminium disc was positioned in front of the sandwich activation foils in order to compensate for the small neutron flux reduction caused by this aluminium shield.
After each run the activation foils were measured with two well calibrated HPGe detectors and the neutron fluence at the diamond detector position derived. The methodology used is well described in Ref. [12] . The uncertainty estimate for the fluence measurements was ± 2.5% at one standard deviation.
Results
A total of eight runs were recorded with the produced neutron energies varying from 18.91 to 20.69 MeV. The gain of the electronic chain was the same for all the runs. The neutron energies were calculated from the deuteron beam energy using the D(t,n) 4 He relativistic kinematics. A typical PHS recorded with the measurement set-up described above is show in Fig. 1 . The energies of the peaks were obtained using the reaction Q values as described in Ref. [13] . The peak energies-PHS channel correlation (energy calibration) for almost all the investigated neutron energies is gathered in Fig. 2 . A couple of them were not used because obtained with a different electronics set-up. It indicates a very good linear correlation between peak positions versus the deposited energy from the various reactions. The small standard deviation indicates the high quality determination of the impinging neutron energies.
From the fitting of the peaks in the PHS their energy, width and net area can be calculated. The neutron induced reaction cross sections are obtained as described in Ref. [14] . The peak fitting was performed using the peak analysis software GAMMAVISION TM 8.0, commercialized by ORTEC company, utilizing the analysis engine NAI32, designed specifically for some tens of keV resolution spectrum analysis. The statistical uncertainty in the reaction cross sections values (one standard deviation) was calculated as the quadrature sum of the peak analyses uncertainties and the fluence uncertainties. A maximum systematic uncertainty of ±5% can be attributed to the determination of 12 C number of atoms. Half of this contribution has been added in quadrature sum to compute the total uncertainty. [17] , which relies on physics models that are statistical in nature. Hence, with small number of nucleons (12 in our case) these models might be inappropriate and the partial cross sections might be questionable.
12 C(n,α 0 ) 9 Be
A good agreement is found between our new experimental data of 12 C(n,α 0 ) 9 Be reaction cross section with the experimental data from Stevens in EXFOR (see insert).
12 C(n,p 0 ) 12 B
Only TENDL-2009 compilation reproduces our new experimental data which are higher than previous published data. 12 C(n,p 1 ) 12 B results compared with TENDL compilations.
12 C(n,p 1 ) 12 B
Also in this case only TENDL-2009 compilation mimic the experimental data, but the large variation of the cross section around 19 MeV is not reproduced. It is important to note that similar variations are also present in the reaction 12 C(n,α 0 ) 9 Be, see Fig. 3 . 12 C(n,p 1 ) 12 B are very new data, never measured before.
12 C(n,p 2 ) 12 B
TENDL-2009 compilation is higher than the experimental data while the others are lower. The previous published 12 C(n,p 3 ) 12 B results compared with TENDL compilations. experimental data are in agreement with the new. The cross sections variation around 19 MeV neutron energy is present also in these data.
12 C(n,p 3 ) 12 B
TENDL-2009 compilation is higher than the experimental data and the others are lower. Some previous published experimental data are in agreement with the new.
12 C(n,p 4 ) 12 B
In this case only TENDL-2009 compilation mimic the experimental data. 12 C(n,p 4 ) 12 B are new data, never measured before.
All the measured partial n,p n cross sections have been summed and they are compared in Fig. 9 with other experimental data and evaluation of the total 12 C(n,p) 12 B cross section available in EXFOR and in TENDL compilations. EAF-2010 derived only from TENDL 2015 data is very wrong. Our new measurements could be consistent with Kreger and Bobyr data. Published AIP2011 data which are consistent with Rimmer data do not have the n,p 1 and n,p 4 contributions. This work shows that especially the n,p 1 contribution is important since it is of the same order of magnitude of the n,p 0 contribution. TENDL-2015 has some agreement with the new experimental data. Only one previous published experimental data is in agreement with the new. All the measured partial n,d n cross sections have been summed and they are compared in Fig. 12 with other experimental data and evaluation of the total 12 C(n,d) 11 B cross section available in EXFOR and in TENDL compilations.
The experimental data consider only d 0 +d 1 . They are higher than Dimbylow experimental data in EXFOR. TENDL compilations and EAF 2010 are in reasonable agreement with our experimental data.
Conclusions
Several partial cross sections to discrete levels of fast neutron interaction with carbon 12 have been measured, some of them for the first time. The results, compared with different evaluations from TENDL compilations show a behavior not unique. Most of the cases indicates TENDL 
